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We extend the relaxation mechanism to the elementary Goldstone Higgs framework. Besides studying
the allowed parameter space of the theory, we add the minimal ingredients needed for the framework to be
phenomenologically viable. The very nature of the extended Higgs sector allows to consider very flat
scalar potential directions along which the relaxation mechanism can be implemented. This fact translates
into wider regions of applicability of the relaxation mechanism when compared to the Standard Model
Higgs case. Our results show that if the electroweak scale is not fundamental but radiatively generated it is
possible to generate the observed matter-antimatter asymmetry via the relaxation mechanism.
DOI: 10.1103/PhysRevD.93.115042
I. INTRODUCTION
The discovery of the Higgs boson crowns the Standard
Model (SM) of particle interactions as one of the most
successful descriptions of physical phenomena below or
around the electroweak (EW) scale. However, several
puzzles remain unexplained such as the nature of dark
matter, neutrino masses, and mixing, as well as the
cosmological matter-antimatter asymmetry of the
Universe. Solutions to any of these puzzles generically
require introduction of new physics beyond the SM.
Here, we focus our attention on the important cosmo-
logical mystery of how the observable Universe came to be
dominated by an excess of matter over antimatter. The
necessary conditions for baryogenesis are well known [1]
and several models of baryogenesis exist (for a review, see
e.g. [2]). Among these, an appealing scenario involves the
relaxation of a scalar or pseudo scalar field in the post-
inflationary Universe. Such fields can acquire large vacuum
expectation values due to flat potentials [3] or by being
trapped in a quasi-stable minimum. After inflation, such
fields relax to their equilibrium values via a coherent
motion, and higher-dimensional operators can couple the
time-dependent condensate to a baryon and/or lepton
number [4]. This can be done with the Higgs field
([5–7]) or an axion field ([8]). Similar models have been
constructed using quintessence fields ([9,10]) and MSSM
flat directions ([11–13]). A novel feature of the Higgs
scenario is that the chemical potential depends on the time
derivative of the VEV squared, which as we discuss,
resolves some difficulties with producing an asymmetry
of the correct sign throughout the observable Universe. An
additional advantage of this scenario is that it makes use of
fields whose existence is either known or well motivated.
However, the SM Higgs sector is far from established
and could hide new exciting physics. In fact, several
alternative paradigms have been put forward that are not
only as successful as the SM in reproducing the exper-
imental results but also can simultaneously address some of
the remaining experimental puzzles.
The elementary Goldstone Higgs (EGH) paradigm
established in [14,15] allows one to disentangle the vacuum
expectation of the elementary Higgs sector from the EW
scale [14]. Here, the Higgs sector symmetry is larger than
the minimally required symmetry needed to spontaneously
break the EW gauge symmetry. Furthermore, the physical
Higgs emerges as a pseudo-Nambu-Goldstone boson
(pNGB). A welcome feature is that once the SM gauge
and fermion sectors are embedded in the larger symmetry,
one discovers that calculable radiative corrections auto-
matically induce the proper breaking of the EW symmetry
by naturally aligning the vacuum in the pNGB Higgs
direction. In this way the EW scale is not fundamental but
radiatively induced.1 The template Higgs sector leading to
the SUð4Þ → Spð4Þ pattern of chiral symmetry breaking
was first introduced in [18].
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1The EGH setup is profoundly different from the composite
(Goldstone) Higgs scenario [16]. The main differences being as
follows: (i) The elementary case is amenable to perturbation
theory. (ii) It is straightforward to endow the SM fermions with
mass terms. (iii) It is possible to immediately consider grand
unified theory extensions [17].
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In this work, we successfully marry the EGH paradigm
and the relaxation leptogenesis scenario [5,7]. There are at
least two motivations for this marriage. First, we observe
that in a model such as the EGH scenario, which has an
extended scalar sector, there are naturally new scalar-field
directions along which one can implement the relaxation
mechanism. Second, the relative freedom in the overall
potential flatness translates into a wider region of appli-
cability of the approximations and effective theory used to
derive successful baryogenesis (as compared to the SM
Higgs case).
The structure of this paper is as follows: We begin by
reviewing the EGH model, as introduced in [14,15], with
particular emphasis on the scalar sector and the Yukawa
sector. We then review the Higgs relaxation scenario,
focusing on the modifications necessary due to the
extended Higgs sector. Finally, we present an analysis of
the available parameter space in which Higgs relaxation
leptogenesis occurs when marrying it to the EGH
paradigm.
Although we use a specific template to perform our
analysis, the general results and features are expected to
hold for generic realizations of successful baryogenesis via
EGH-driven leptogensis scenarios.
II. ELEMENTARY GOLDSTONE HIGGS:
A BRIEF REVIEW
The EGH scenario [14,15] necessarily extends the SM
Higgs sector symmetry. A working template uses a linear
realization with SU(4) symmetry breaking spontaneously
to Sp(4). The SM Higgs doublet is now part of the
SUð4Þ=Spð4Þ coset, while the EW symmetry, SUð2ÞL×
Uð1ÞY , is embedded in SU(4).
The relaxation leptogenesis mechanism [5–7] uses the
scalar sector of the theory at very high energies. We
therefore start by reviewing the scalar sector of the theory.
The SM Higgs boson is identified with one of the
Goldstone bosons which acquires mass via a slight vacuum
misalignment mechanism induced by quantum corrections.
The misalignment is due mostly to top-induced quantum
corrections [14,15], and therefore, we neglect here the EW
gauge sector corrections.
The most general vacuum structure of the theory can be
parametrized by an angle 0 ≤ θ ≤ π=2 [14] and
Eθ ¼ cos θEB þ sin θEH ¼ −ETθ ; ð1Þ
where the two independent vacuum directions EB and EH
are
EB ¼

iσ2 0
0 −iσ2

; EH ¼

0 1
−1 0

: ð2Þ
The alignment angle θ is determined by radiative correc-
tions after having constrained the model to reproduce the
experimental results. It was found in [15] that the model
naturally prefers small values of θ, privileging a pNGB
nature of the Higgs.
We note that because SU(4) is broken radiatively through
corrections from top and gauge interactions, the strength of
SU(4) breaking increases at higher scales. Therefore, there
is no high scale in which it is appropriate to neglect SU(4)
breaking.
A. Scalar and fermionic sector
In the minimal scenario described above, the scalar
sector is codified by
M ¼

1
2
ðσ þ iΘÞ þ
ﬃﬃﬃ
2
p
ðΠi þ i ~ΠiÞXiθ

Eθ; ð3Þ
where Xiθ (i ¼ 1;…; 5) are the broken generators associ-
ated to the breaking of SU(4) to Sp(4), reported in
Appendix A of [15], and the five Πi are the five
Goldstone bosons of the theory, where after symmetry
breaking, the first three become the longitudinal compo-
nents of the gauge bosons, the fourth is the observed Higgs,
and the last is a dark matter candidate. The full SU(4)
invariant (tree-level) scalar potential can be found in [15].
Having introduced the scalar sector of the model, we turn
our attention to the fermionic sector. Our focus here is two-
fold. First, we have explained above how the top sector is
responsible for setting θ and therefore indirectly affects the
vacuum and the scalar sector more generally. Second,
the leptogenesis scenario produces the asymmetry through
the excess production of neutrinos, which involves electro-
weak interactions between fermions.
We construct the Yukawa sector of the theory by
introducing EW gauge invariant operators that explicitly
break the SU(4) global symmetry and correctly reproduce
the SM fermion masses and mixing. First, we formally
accommodate each one of the SM fermion families in the
fundamental representation of SU(4), namely,
Lα ¼

L; ~ν; ~l

T
αL
∼ 4;
Qi ¼

Q; ~qu; ~qd

T
iL
∼ 4; ð4Þ
where α ¼ e, μ, τ and i ¼ 1, 2, 3 are generation indices and
the tilde indicates the charge conjugate fields of the right-
handed (RH) fermions, that is, ~ναL ≡ ðναRÞc, ~lαL ≡ ðlαRÞc,
LαL ≡ ðναL;lαLÞT and similarly for the quark fields. Notice
that a RH neutrino ναR for each family must be introduced
in order to define Lα which transforms according to the
fundamental irrepresentation of SU(4).
Given the embedding of quarks and leptons in SU(4), we
now construct a Yukawa mass term for the SM fermions.
For this, we make use of SU(4) spurion fields [19] Pa and
GERTOV, PEARCE, SANNINO, and YANG PHYSICAL REVIEW D 93, 115042 (2016)
115042-2
P¯a, where a ¼ 1, 2 is an SUð2ÞL index. They transform as
P
ð−Þ
a → ðu†ÞT P
ð−Þ
au†, with u ∈ SUð4Þ. We have
P1 ¼
1ﬃﬃﬃ
2
p

02 τ3
−τ3 02

; P2 ¼
1ﬃﬃﬃ
2
p

02 τ−
−τþ 02

; ð5Þ
P¯1 ¼
1ﬃﬃﬃ
2
p

02 τþ
−τ− 02

; P¯2 ¼
1ﬃﬃﬃ
2
p

02 τ¯3
−τ¯3 02

; ð6Þ
with
τ ¼ σ1  iσ2
2
; τ3 ¼
12 þ σ3
2
; and τ¯3 ¼
12 − σ3
2
:
ð7Þ
Then, using P1;2 and P¯1;2, we may write Yukawa
couplings for the SM fermions which preserve the
SUð2ÞL gauge symmetry:
−LYukawa ¼ Y
u
ijﬃﬃﬃ
2
p ðQTi PaQjÞ†Tr½PaM
þ Y
d
ijﬃﬃﬃ
2
p ðQTi P¯aQjÞ†Tr½P¯aM
þ Y
ν
αβﬃﬃﬃ
2
p ðLTαPaLβÞ†Tr½PaM
þ Y
l
αβﬃﬃﬃ
2
p ðLTα P¯aLβÞ†Tr½P¯aM þ H:c:; ð8Þ
with the Yukawa matrices of quarks and leptons chosen
in agreement with experimental measurements. This
Lagrangian explicitly breaks the SU(4) global symmetry
mentioned above, and therefore, it also contributes to fixing
the parameter θ which interpolates between the otherwise
equivalent vacuum structures. In fact, in terms of the SM
quark and lepton fields, Eq. (8) can be written as
−LYukawa ¼ YuijðQiL ~qujLÞ†aTr½PaM
þ YdijðQiL ~qdjLÞ†aTr½P¯aM
þ YναβðLαL ~νβLÞ†aTr½PaM
þ YlαβðLαL ~lβLÞ†aTr½P¯aM þ H:c: ð9Þ
where
Tr½P1M ¼
−1ﬃﬃﬃ
2
p ðσ sin θ þ Π4 cos θ þ iΘ sin θ
− i ~Π4 cos θ þ iΠ3 þ ~Π3Þ; ð10Þ
Tr½P2M ¼
1ﬃﬃﬃ
2
p ðiΠ1 þ Π2 þ ~Π1 − i ~Π2Þ: ð11Þ
Therefore, after EW symmetry breaking, the SM fermions
acquire the masses
mF ¼ yF
f sin θﬃﬃﬃ
2
p ; ð12Þ
with f ¼ hσi at low energies and yF being the SM Yukawa
coupling of quarks and leptons in the fermion mass basis.
Comparing this expression with the corresponding SM
predictionmF;SM ¼ yFﬃﬃ2p vew, we see that f and θ must satisfy
the phenomenological constraint
f sin θ ¼ vEW ≃ 246 GeV: ð13Þ
Notice that a Dirac mass for neutrinos is generated as well.
Ref. [15] also investigated the parameter space at low
energy and found that (when keeping the masses of the
scalars below five TeV) the most frequent value for f is
f¯ ¼ 13.9þ2.9−2.1 TeV corresponding to θ¯ ¼ 0.018þ0.004−0.003 .
Although these are the most common values that give
the appropriate electroweak phenomenology, the points of
parameter space which satisfy the electroweak constraints
vary significantly in values for f and sinðθÞ. This is because
there are quite a few couplings in the SU(4) potential. To
generate an acceptable electroweak phenomenology at
values of f and sinðθÞ significantly different than these,
it is likely necessary to fine-tune at least some of the
parameters in the SU(4) potential.
This model does not naturally generate a Majorana mass
term for the RH neutrino fields; however, one can be
explicitly added. This provides an explicit breaking of the
SU(4) symmetry but preserves the EW gauge group and
gives the standard seesaw mechanism. Although this is not
strictly speaking necessary for the EGH boson model, we
include it in our analysis here. This is because a successful
leptogenesis model must involve lepton-number-violating
terms, and following [5–7], we make use of the neutrino-
sector Majorana mass term.
In this case, the most general mass Lagrangian for the
leptons is
−Llep ¼ Ylαβ
f sin θﬃﬃﬃ
2
p l¯αLlβR þ Yναj
f sin θﬃﬃﬃ
2
p ν¯αLνjR
þ 1
2
ðMRÞjkν¯jRðνkRÞc þ H:c: ð14Þ
where MR is the Majorana mass term of the three RH
neutrinos. The couplings in Eq. (14) allow us to generate at
tree-level a Majorana mass term for the LH neutrinos in a
manner similar to the standard type I seesaw extension of
the SM [20]. This yields
Lνmass ¼ −
1
2
ðmνÞαβν¯αLðνβLÞc þ H:c: ð15Þ
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with
mν ¼ −mDM−1R mTD and mD ¼ Yν
f sin θﬃﬃﬃ
2
p ¼ Yν vEWﬃﬃﬃ
2
p :
ð16Þ
One can hope that this Majorana mass term would be
generated by embedding the EGH model into a larger
model, perhaps a grand unified theory.
B. Radiative corrections
Next, we return our attention to the scalar sector. The
one-loop correction δVðΦÞ to the scalar potential takes the
general expression
δVðΦÞ ¼ 1
64π2
Str

M4ðΦÞ

log
M2ðΦÞ
μ2
− C

; ð17Þ
where in this case Φ≡ ðσ;Π4Þ denotes the background
scalar fields that we expect to lead to the correct vacuum
alignment of the theory and MðΦÞ is the corresponding
tree-level mass matrix. The supertrace, Str, is defined as
Str ¼
X
scalars
− 2
X
fermions
þ 3
X
vectors
: ð18Þ
We haveC ¼ 3=2 for scalars and fermions,C ¼ 5=6 for the
gauge bosons, and μ0 is a reference renormalization scale.
As explained above, the Yukawa sector terms explicitly
break the global SU(4) symmetry, and gauge interactions
also provide explicit symmetry breaking. This explicit
breaking generates a nonzero mass term for the
Goldstone bosons at the quantum level and a mass mixing
term between the Π4 and σ fields.
At very high energy scales, the background-dependent
masses of all the scalars are the same, namely, m ≈
ﬃﬃ
λ
p
σ,
where λ is a linear combination of several quartic cou-
plings. The renormalization scale is fixed as a constant at
the energy scale of inflation. Taking only the top and scalar
corrections into account, the one-loop corrections to the
potential take the simple form
δV ¼ σ
4
64π2

7λ2

log
λσ2
μ2
−
2
3

− 3y4t sin4 θ

log
y2t sin2 θσ2
2μ2
−
3
2

ð19Þ
in the direction of σ. Thus, the effective potential to one-
loop order can be written as
VðσÞ ¼ λeffðσÞ
4
σ4; ð20Þ
where the effective quartic coupling is
λeffðσÞ ¼ λþ
4
64π2

7λ2

log

λσ2
μ2

−
3
2

− 3y4t sin4θ

log

y2t sin2θσ2
2μ2

−
3
2

: ð21Þ
Here, yt is the top quark Yukawa, and λ is not yet
experimentally constrained. At lower energy, the one-loop
potential is more involved, and a detailed analysis of the
one-loop potential at low energy can be found in [15]. In
that paper, the authors found that for θ around 0.018 and λ
around 0.007 there is a region of parameter space with the
most EW-favorable points but that it is by no means
required for good EW behavior for theta and lambda to
take these values. In this work, we are primarily interested
in the high energy regime since the scalar field acquires a
comparatively large vacuum expectation value. Below, we
find that in order to produce a baryon asymmetry of the
appropriate size, it is desirable to have a small coupling λeff .
In order to ensure the stability of the potential at large σ, it
may be necessary to tune both λ and θ to be small by
choosing the parameters in the SU(4) potential appropri-
ately. This is not a problem since unlike in the SM λeff is not
set by the observed Higgs mass because of the enlarged
scalar sector.
C. The physical Higgs
For maximum clarity, we here pause to identify the
physical Higgs boson states. At low energy, there is a mass
mixing between the σ and the Π4 fields as mentioned
earlier. The mass eigenstates of this mixing are the two
Higgs particles, h and H, given by

σ
Π4

¼

cos α − sin α
sin α cos α

h
H

; ð22Þ
where α is the scalar mixing angle chosen in the interval
½0; π=2. The observed Higgs boson is the lightest eigen-
state with a mass
mh ¼ 125.7 0.4 GeV; ð23Þ
which in [15] was found that α is preferred to be very close
to π=2; that is, the observed Higgs is mostly a pNGB.
As noted, though, at high energies, these states are nearly
degenerate in mass.
III. RELAXATION-LEPTOGENESIS
FRAMEWORK
Having introduced the EGH model, with particular
attention to the scalar and fermionic sectors, we now
introduce the Higgs relaxation leptogenesis framework,
which has been explored in the SM context in [5–7].
We outline the important steps of relaxation leptogenesis
as follows. First, we need a scalar (or pseudo-scalar) field
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with a large vacuum expectation value (VEV). This can
occur through quantum fluctuations during inflation,
or the field may be trapped in a quasi-stable minimum.
Afterwards, the field relaxes to its equilibrium value.
During this relaxation, a chemical potential for a lepton
number may be induced via higher-dimensional operators.
This lowers the energy of leptons and raises the energy of
antileptons. Lepton-number-violating processes, such as
those mediated by the neutrino Majorana masses intro-
duced above, produce an excess of leptons over antileptons.
These interactions can occur within the particle plasma
produced during reheating [5,7] or during the decay of the
Higgs condensate itself [6]. Here, we focus on the first
scenario as an illustrative example.
While we specifically consider the scalar sector here
(which is of most interest due to the extended scalar sector
in the EGH model), we acknowledge that similar consid-
erations apply to axion-like degrees of freedom, which have
been explored in [8].
In our previous realizations of Higgs-relaxation lepto-
genesis, the relaxing field was identified with the SM
Higgs, although we allowed for a modified potential at high
scales. The recent observation of the Higgs boson at the
LHC sets the quartic coupling, although it is significantly
modified at large scales (as described by the renormaliza-
tion group equations) [21]. However, the EGH model has
additional freedom as can be seen in Eq. (21). We show
below that in order to generate the observed baryonic
asymmetry, while remaining in the regime in which certain
approximations are valid, the quartic coupling must be
significantly smaller than the value preferred in the SM.
This is not phenomenologically problematic in the EGH
scenario because the extended Higgs sector allows for
additional flat directions.
A. Large initial vacuum expectation value (VEV) of σ
As we mentioned above, during inflation, scalar fields
may acquire large vacuum expectation values (VEVs)
through quantum fluctuations because relaxation via a
coherent motion is a classical process and its time scale
may be significantly longer than those typical of quantum
fluctuations (see [3]). Concretely, quantum fluctuations
occur on a scale such that VðσIÞ ∼H4I , where σI ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
hσ2i
p
is the scalar field vacuum expectation value and HI ≡ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8π=3
p
Λ2I =MP is the Hubble parameter during inflation.
The VEV rolls down classically to its minimum with the
characteristic time scale
τroll ∼ 1=mσ;eff ∼

d2VðσÞ
dσ2
−1=2
: ð24Þ
However, if τroll ≫ H−1I , there is insufficient time between
quantum fluctuations for the generated field VEV to roll
down. In this case, the scalar field would develop a large
VEV ∼ σI during inflation.
An alternative scenario for starting with a large scalar
vacuum expectation value is that the scalar field may be
trapped in a quasi-stable minimum in the early Universe;
this is particularly well motivated in scenarios in which the
initial scalar VEVs are distributed stochastically (provided
the scalar potential does, indeed, have a high-scale quasi-
stable minimum).
The SM potential provides motivation for both scenarios.
Recent measurements of the Higgs mass suggest a rather
flat potential before turning over (and potentially becoming
negative) [21]. The flat potential makes it easier for
quantum fluctuations to generate a large VEV in the early
Universe; on the other hand, if the potential does turn over,
higher-dimensional operators can stabilize the potential in
such a way as to produce a quasi-stable minimum.
Here, though, we are interested in the EGHmodel, which
has a different potential shape. As noted, the physical Higgs
boson h and H are mixtures of the σ and Π4 degrees of
freedom, although there is an approximate rotational
symmetry at high energies. We consider the case in which
the field σ acquires a large VEV during inflation within the
effective potential given in Eq. (20). In fact, at high
energies, σ can be seen as simply the modulus of the
scalar field, and therefore, it would not matter which
direction one selects. Furthermore, as already explained,
the effective quartic potential in this case is not fixed at low
energies because the mass of the pNGB Higgs emerges
radiatively via top corrections, and there are no sufficient
experimental constraints yet to fix this overall coupling.
Next, we address an issue which affects all relaxation
leptogenesis models, which is discussed in more detail in
[5,7]. Namely, in both ways of generating large scalar
VEVs, different patches of the Universe generically have
different values of σI at the end of inflation. If the lepton
asymmetry is linked to the initial VEV of σ, each patch of
the Universe could have a different final asymmetry. This
would result in unacceptably large baryonic isocurvature
perturbations [22], which are constrained by the cosmic
microwave background (CMB) observations [23].
One solution to this problem, which was proposed in [5],
is to couple the Higgs sector to the inflaton in such a way as
to suppress the growth of the VEVuntil the end of slow-roll
inflation. The resulting isocurvature perturbations are then
on scales smaller than those which have been experimen-
tally probed. In the EGH model, we adapt this solution
by coupling the σ field to the inflaton I via operators of
the form
LσI ¼ c
In
Mmþn−4P
Tr½MþMm=2: ð25Þ
Such a nonrenormalizable operator can be generated by
integrating out heavy states in loops; we can envision that
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these states arise by heavy SU(4)-preserving multiplets
which arise when the EGH model is embedded into larger
(perhaps grand unified) models. In the early stages of
inflation, the VEV of the inflaton hIi can be large (super-
Planckian) and gives a large effective mass mσ;effðhIiÞ to σ;
this suppresses the quantum fluctuations of the σ field. In
the later stages of inflation, hIi decreases to a value such
that mσ;effðhIiÞ≪ HI , allowing a large VEV for σ to
develop. If the development of the VEV occurs during
the last Nlast e-folds of inflation, the VEV reaches the
average value
σ0 ¼ min

σI;
HI
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nlast
p 
: ð26Þ
The resulting isocurvature perturbations appear only at the
smallest angular scales and are not yet constrained
for Nlast ≲ 8.
While other solutions to this isocurvature problem were
noted in [5], we consider this one as an illustrative example
which also allows the most freedom in parameter space.
B. Relaxation of the σ field
When the inflation is over, the inflaton begins oscillating
coherently as it decays; consequently, the Universe behaves
as if it is matter dominates. During this epoch, the σ field
also relaxes from its starting value of σ0 and oscillates
around σ ¼ 0 [the minimum of Eq. (20)] with diminishing
amplitude. The equation of motion for σðtÞ [where by an
abuse of notation we use σðtÞ for the VEVof the σ field] is
σ̈ þ 3HðtÞ _σ þ dVðσÞ
dσ
¼ 0: ð27Þ
The Hubble parameter HðtÞ is determined by the system of
differential equations
HðtÞ≡ _a
a
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8π
3M2P
ðρr þ ρIÞ
s
; ð28Þ
_ρr þ 4HðtÞρr ¼ ΓIρI; ð29Þ
where ΓI is the decay rate of inflaton, and ρI ¼
Λ4I e
−ΓI t=aðtÞ3 and ρr ¼ ðgπ2=30ÞT4 are the energy den-
sities of the inflaton field and the produced radiation,
respectively. We ensure that the energy density of the σ
condensate never dominates the Universe so as to preserve
that standard cosmological picture. Note that the maximum
temperature during reheating and the reheat temperature
can be estimated as [24] Tmax ≈ 0.618ðΛ2IΓImpl=gÞ1=4 and
[25] TR ≃ ð3=π3gÞ1=4 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃΓImplp , respectively.
C. Effective chemical potential
We consider the following couplings between the lepton
current and the σ field
L6 ¼ −
1
M2n
Tr½MþM∂μjμB ¼ − 1M2n σ
2∂μjμB; ð30Þ
whereMn is a potentially new scale. This coupling does not
break SU(4) symmetry and is therefore consistent with the
EGH picture. As this is a higher-dimensional operator, it
may be generated by integrating out heavy states; one
obvious method is to expand the minimal EGH model
introduced above with heavy RH states that couple to a
gauge boson anomaly, as discussed in some detail in [7].
Other possibilities for generating this operator, unique to
EGH models, may exist. We note that to generate this
effective operator CP violation is necessary [26,27].
While this operator preserves SU(4), when the scalar
VEV is evolving, it breaks CPT; in fact, it is similar in form
to the one considered in spontaneous baryogenesis scenar-
ios [4]. An integration by parts gives
L6 ¼
1
M2n
ð∂μσ2ÞjμL: ð31Þ
For a patch of the Universe where the σ field is approx-
imately spatially homogeneous, the operator becomes
L6 ¼
1
M2n
ð∂0σ2Þj0L: ð32Þ
When σ is decreasing, this operator effectively raises the
energy of antiparticles, while lowering it for particles.
Within the equation of motion for the fermions, this term
plays a role similar to that of an effective external chemical
potential
μ0 ¼ −
∂0σ2
M2n
: ð33Þ
In the presence of lepton-number-violating processes, the
system will favor the production of particles over
antiparticles.
We emphasize that because the operator (30) depends on
the VEV squared, a positive lepton number is produced
everywhere as the Higgs field relaxes. This is in contrast to
many spontaneous baryogenesis models in which the
effective chemical potential depends on ∂0S (where S is
the scalar VEV) and in which the sign of the asymmetry
depends on the initial sign of the VEV. Consequently, in
this model, it is not necessary for the observable Universe
to be enclosed within a single patch of constant σ; instead,
we need only satisfy the isocurvature constraints mentioned
above. (We also note that the spatial variation in the field
does not contribute to the charge asymmetry.)
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D. Lepton-number-violating processes
This chemical potential alone will not yield any lepton
asymmetry; successful leptogenesis additionally requires
some lepton-number-violating process. This was addressed
above when we introducedMajorana masses in the neutrino
sector. Therefore, we consider the standard seesaw mass
matrix in Eq. (14) for neutrinos (which requires a small
breaking of SU(4), as discussed in [15]). The L-violating
processes are (i) a left-handed neutrino converting into an
anti-left-handed neutrino through exchange of a heavy
Majorana neutrino and (ii) pair production or annihilation
of neutrinos or antineutrinos. These processes are shown in
the diagram in Fig. 1.
With the introduction of the neutrino Majorana mass,
several leptogenesis mechanisms become possible within
the EGH model, beyond the Higgs relaxation leptogenesis
considered here. These include thermal leptogenesis
[28,29], resonant leptogenesis [30,31], and ARS-type
leptogenesis [32]. We consider a regime of parameter
space in which these leptogenesis mechanisms are insuffi-
cient to generate the observed baryon asymmetry, but the
asymmetry produced through the Higgs relaxation mecha-
nism can account for the observed asymmetry. In particular,
we consider a large Majorana mass MR; in the Higgs
relaxation mechanism, the smallness of the Majorana mass
can be counteracted by a large ∂tσ2. We also do not arrange
the neutrino sector parameters so as to have resonant
production of neutrinos.
The thermally averaged cross section of these processes
hσvi0 can be found in [7]. This calculation can be easily
extended to the EGH case, which will be discussed in the
Appendix. Due to the additional scalar fields that partici-
pate in these processes, the cross section is enhanced by a
factor of 16 if all scalar fields are in thermal equilibrium,
hσvi0 ¼ 16½hσðνLϕ↔ ν¯LϕÞvi0 þ hσðνLνL ↔ ϕϕÞvi0;
ð34Þ
where ϕ stands for a scalar field that couples to νL with the
Yukawa coupling Yν. We emphasize that all processes
which violate a lepton number contribute to producing the
asymmetry in the presence of the nonzero chemical
potential. If heavier, weakly interacting fields such as
the σ and the Θ are not in thermal equilibrium, then the
cross section is scaled by ½1 − sin2ðθÞ=22 ≈ 1.
For the νLϕ↔ ν¯Lϕ process, the s-channel process has a
resonance at E ∼MR, which is generally ineffective
because in order to suppress standard leptogenesis we
ensure that MR is well above the energy scales probed by
the VEV (and also above the reheat temperature). The
center-of-mass cross section is
σCMðνLϕ↔ ν¯LϕÞ ¼
1
16π
jYνj4
4

M2R þ
ΓR
4
Z
0
−s
dtðsþ tÞ
×

1
A2 þ C2 þ
1
B2 þ C2 þ
2ðABþ C2Þ
ðABþ C2Þ2 þ C2ðA − BÞ2

;
ð35Þ
where
A ¼ s −M2R þ Γ2R=4;
B ¼ t −M2R þ Γ2R=4;
C ¼ ΓRMR; ð36Þ
and the decay rate of the RH neutrino is approximated by
ΓR ≈ jYνj2MR=16π. The thermally averaged cross section
for massless particles to the CM cross section can be
obtained as [33]
hσvi0 ¼
1
32T5
Z
∞
0
dss3=2K1ð
ﬃﬃ
s
p
=TÞσCMðsÞ: ð37Þ
For the νLνL ↔ ϕϕ process, the thermally averaged
cross section can be approximated as
hσðνLνL ↔ ϕϕÞvi0 ≈
jYνj4
16πM2R
ð38Þ
in the limit T ≪ MR. To account for the ∼0.1 eV left-
handed neutrino mass, the sum from two channels gives
about hσvi0 ∼ 5 × 10−30 GeV−2 for the EGH scenario.
E. Boltzmann transport equation
The lepton-number-violating processes described above
are usually not fast enough to reach chemical equilibrium
due to the suppression from the large Majorana mass.
Nevertheless, the relaxation of the system toward its
equilibrium can be described by the Boltzmann transport
equation. To the first order in μ0=T, we have
FIG. 1. Some diagrams that contribute to lepton number
violation via exchange of a heavy Majorana neutrino, where
ϕi can be Π4, Θ, ~Π4, Π3, ~Π3, or σ, depending on which fields are
in thermal equilibrium.
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_nL þ 3HnL ¼ −2neq0 hσvi0

nL −
2μ0
T
neq0

; ð39Þ
where nL ¼ nν − nν¯ is the total asymmetry of neutrinos,
and neq0 ¼ T3=π2. If the interaction were fast enough, the
system would yield the lepton asymmetry nL;eq ¼ 2π2 μ0T2
in equilibrium. The derivation of this equation is discussed
in Ref. [7].
F. Resulting lepton asymmetry
As in [5], the evolution of the lepton asymmetry can be
analyzed in two regimes: during the relaxation of the σ field
(μ0 ≠ 0) and during the subsequent cooling of the Universe
(μ0 ≈ 0). During the relaxation of the σ field, when
μ0 ∝ ∂0σ2 ≠ 0, the Universe produces most of the lepton
asymmetry. As mentioned, this time is generally insuffi-
cient for the system to reach equilibrium, and so the
asymmetry produced is of the order nL;eq × σRT3rlxtrlx,
where trlx is the time period during which the Higgs field
relaxes, and Trlx ¼ TðtrlxÞ. The equilibrium lepton asym-
metry can be approximated by its value at trlx as
nL;eq ∼
2
π2
μ0T2rlx ¼
2
π2
∂0σ2
M2n
T2rlx ∼
2
π2
σ20
M2ntrlx
T2rlx; ð40Þ
where σ0 is the initial VEVof σ given by Eq. (26), andMn
is the new scale. From this, we find the approximate
number density
nL;rlx ∼
2σ20T
2
rlx
π2M2ntrlx
min

1;
2
π2
σRT3rlxtrlx

; ð41Þ
where σR is the thermally averaged cross section given
by Eq. (34).
Note the temperature before and after the reheating
completes (tR ≡ 1=ΓI) is given by
TðtÞ ≈
8><
>:
TRðtR=tÞ1=4 t < tR
45
16π3g

1=4 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Mpl=t
p
t > tR:
ð42Þ
We note that because we consider a pure ϕ4 potential, the
relaxation time is trlx ≈ 7=
ﬃﬃﬃﬃﬃﬃ
λeff
p
σ0. (This holds within a
factor of two even for quartic couplings of the
order λ ∼ 10−20.)
After the initial relaxation, the produced asymmetry can
be partially washed out. This is due either to subsequent
oscillations, during which the sign of the chemical potential
oscillates, or due to ongoing lepton-number-violating
interactions in the plasma after the chemical reaction has
become small. As computed in [5,34], the effect of washout
can be approximated by
NL;f ¼ NL;rlx exp

−
σRT3R
π2ΓI

8

1 −
TR
Trlx

þ
ﬃﬃﬃﬃﬃ
15
p 
ð43Þ
≈ NL;rlx exp

−
8þ ﬃﬃﬃﬃﬃ15p
π2
σRT3R
ΓI

ð44Þ
for trlx < tR and
NL;f ¼ NL;rlx exp

−
ﬃﬃﬃﬃﬃ
15
p
π2
σRT2RTrlx
ΓI

ð45Þ
for trlx > tR. We note that depending on the strength of the
lepton-number-violating potential it may be advantageous
to arrange for a comparatively rapid decay of the σ
condensate, so that the oscillation amplitude of the scalar
VEV is significantly damped.
The asymmetry is also further diluted by ðarlx=aRÞ3 ≈
t2rlxΓ2I for the case that trlx < tR. Thus, at the end of
reheating (assuming the oscillation of the scalar field has
ended), the Universe obtains the ratio of the lepton
asymmetry to entropy
Y ≡ nL
s
¼ 45
2π2gS
nL
T3
∼
45
2π2gS
2σ20
π2M2n
T2rlxtrlxΓ2I
T3R
min

1;
2
π2
σRT3rlxtrlx

exp

−
8þ ﬃﬃﬃﬃﬃ15p
π2
σRT3R
ΓI

ð46Þ
for trlx < tR and
Y ∼
45
2π2gS
2σ20
π2M2n
1
Trlxtrlx
min

1;
2
π2
σRT3rlxtrlx

exp

−
ﬃﬃﬃﬃﬃ
15
p
π2
σRT2RTrlx
ΓI

ð47Þ
GERTOV, PEARCE, SANNINO, and YANG PHYSICAL REVIEW D 93, 115042 (2016)
115042-8
for trlx > tR. This estimation formula agrees within one
order of magnitude with the numerical result.
One can obtain the evolution of the lepton asymmetry
more precisely by solving Eq. (39) numerically. In Fig. 2,
we present a numerical example for λeff ¼ 10−13 with the
inflationary parameters ΛI ¼ 1.5 × 1016 GeV and
ΓI ¼ 6 × 106 GeV. The RH neutrino mass scale is set at
MR ¼ 10Tmax to suppress the thermal production of RH
neutrinos during reheating, and we verify that the resulting
neutrino Yukawa coupling is within the perturbative regime
(jYνj2=4π ¼ 0.18 < 1). This example gives a late time
asymptotic asymmetry about Y ∼ 10−10.
We explored the parameter space of the model using the
approximate formula [Eqs. (46) and (47)]. In Fig. 3, we
show the approximate late time asymmetry (log jYj) as a
function of λeff and ΛI with mass scalesMR ¼ 10Tmax and
Mn ¼ 0.1Tmax. We have checked that this value of MR is
sufficient to ensure that standard leptogenesis does not
produce a sufficiently large asymmetry. The decay rate of
the inflaton is set to ΓI ¼ 3.7 × 106 GeV so that it gives the
maximum asymmetry for each λeff and ΛI . The requirement
of the neutrino coupling being perturbative (jYνj2=4π < 1)
imposes an upper bound on the inflationary energy scale
ΛI ≲ 7 × 1017 GeV, which is weaker than the bound ΛI ≲
1 − 2 × 1016 GeV from CMB observations [23].
In Fig. 3, we see that the generated asymmetry increases
as λeff decreases in the region where trlx < tR. This can be
understood as follows: The initial VEV is set by infla-
tionary parameters since by construction the VEV is
permitted only to grow during the last N ≈ 8 e-folds of
inflation. The relaxation time though scales as 1=
ﬃﬃﬃﬃﬃﬃﬃ
λeff
p
;
therefore, as λeff decreases, the system has more time to
approach the equilibrium asymmetry.
The dashed line in the figure indicates Y ¼ 10−10, which
matches the observed value. The region of most interest is
the lower left side, in which a sufficiently large asymmetry
is generated with ΛI ≲ 1016 GeV, which is required by
observations of the tensor-to-scalar ratio in the CMB [23].
From this figure, we see the effective quartic coupling is
restricted to λeff ≲ 10−8, which corresponds to a relatively
flat effective potential for the σ field. Such flat directions
can develop in models with multifield scalar sectors, such
as the EGH model considered here.
We note that in all of this parameter space, Mn < Tmax,
and in much of it, Mn < σ0. Because Mn is not the largest
scale in the analysis, the use of effective field theory to
derive Eq. (30) is questionable. Consequently, the exact
asymmetry would depend on the details of the UV-
complete theory considered; however, Eq. (30) is likely
to give a reasonable approximation.
In order to compare with our earlier work using the SM
Higgs boson, it is convenient to consider the asymmetry as
a function of the new scale Mn and the decay rate of the
inflaton, ΓI . This is shown in Fig. 4, where we have fixed
the inflationary scale ΛI and coupling λeff . As above, we
also take MR ¼ 10Tmax. Therefore, the inflaton decay rate
ΓI, which fixes Tmax, also effectively fixes MR and there-
fore, when combined with observational limits on the left-
handed neutrino masses, the neutrino coupling Yν.
FIG. 3. The approximate late time asymptotic asymmetry
(log jYj) using Eqs. (46) and (47) with ΓI ¼ 3 × 106 GeV,
MR ¼ 10Tmax, and Mn ¼ 0.1Tmax. The red line indicated where
trlx ¼ tR.
FIG. 2. Evolution of the lepton asymmetry Y ¼
nL=ð2π2gST3=45Þ for λeff ¼ 10−13, with the parameters
ΛI¼1.5×1016GeV, ΓI ¼ 6 × 106 GeV, Mn ¼ 6.9 × 1013 GeV,
and MR ¼ 6.9 × 1014 GeV. The initial VEV of the σ field is
σ0 ¼ 2.4 × 1013 GeV. The maximum temperature during reheat-
ing is Tmax ¼ 6.9 × 1013 GeV. The vertical dashed lines denote
the time of maximum reheating, the beginning of the radiation-
dominated era, and the first time the σ VEV crosses zero, from
left to right.
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Demanding that the coupling Yν be in the perturbative
regime eliminates the parameter space shown in gray on the
right-hand side of the plots.
In these plots, we additionally illustrate the regime in
which Maxðσ0; TmaxÞ > Mn using crosshatching. As noted
above, in this regime, the exact asymmetry would depend
on the details of the UV-complete theory considered;
however, Eq. (30) is a reasonable estimate. We see that
if one fine-tunes λeff to extremely small values [Oð10−13Þ or
smaller], an asymmetry Y ∼ 10−10 can be generated in the
regime in which effective field theory is reliable. For
ΛI ¼ 1.5 × 1016 GeV, near the upper limit allowed by
CMB observations, this region is near Mn ∼ 1014 GeV
and ΓI ∼ 106 GeV. If ΛI is increased to 1017 GeV (and the
quartic coupling decreased), then the parameter space is
significantly larger, as illustrated by the plot on the right.
For small values of λeff , the value of θ is also small, and
hence, the value of the vev f is large. In fact for
λeff ¼ 10−13, the mode of θ is θ¯ ¼ 2.216þ0.704−0.200 × 10−13
(the plot on the left) and for λeff ¼ 10−15 (the plot on
the right) the mode of θ is θ¯ ¼ 8.359þ2.621−0.487 × 10−8.
The plots in Fig. 4 illustrate the freedom available in this
model. While the quartic coupling of the SM has a
minimum value set by the recently observed Higgs boson,
no such constraint restricts the effective EGH self-coupling
λeff yet. By decreasing λeff , one can enhance the asymme-
try; alternatively, one may say that lower inflationary scales
ΛI and ΓI are permitted in the EGH model. Furthermore,
such small values of λeff allow us to generate a sufficiently
large asymmetry in the regime in which effective field
theory is reliable; in order to accomplish this within the SM
Higgs boson, significant modifications to the Higgs poten-
tial (using nonrenormalizable operators) at large scales
were necessary [7].
As noted above, at small couplings, we must be con-
cerned about corrections to the potential. We note that using
the full running coupling (21) alters the final asymmetry at
the level of about 1%. One may also be concerned that
finite temperature corrections could significantly affect the
potential. However, the finite temperature corrections to the
potential scale as λeffT2σ2 and so are also suppressed by
the small quartic coupling. For the parameters in Fig. 2, this
correction only affects the asymmetry by 0.1%. Couplings
to the Standard Model fermions are suppressed by the
sinðθÞ factor, which as indicated by equation (21) is
necessarily small when the quartic coupling is small.
As mentioned above, we can only tune the quartic
coupling λeff to be this small in models with an extended
Higgs sector, as the observed Higgs boson mass suggests a
quartic coupling Oð10−2Þ at high scales. Therefore, we
have shown that in an extension of the SMwith an extended
Higgs sector (included but not limited to the EGH para-
digm) it is possible for Higgs-relaxation leptogenesis to
generate the observed baryonic asymmetry, although it
requires a small self-coupling if the potential in the
direction of the VEV has a ϕ4 form (and one wishes to
remain in the regime in which effective field theory is
reliable). Furthermore, although the parameter space is not
large, this can be accomplished for inflationary scales
consistent with CMB measurements.
FIG. 4. An exploration of parameter space as a function of Mn
and ΓI , for ΛI ¼ 1.5 × 1016 GeV and λeff ¼ 10−13 (left) and
ΛI ¼ 1017 GeV and λeff ¼ 10−15 (right). The gray area on the
right indicates where the theory is not under perturbative control,
and the crosshatched region denotes the regime in which the
effective field theory used to derive Eq. (30) is unreliable. The red
lines indicate where trlx ¼ tR.
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IV. CONCLUSIONS AND OUTLOOK
In this work, we have successfully extended the baryo-
genesis scenario using the relaxation mechanism to the
EGH framework. Our results show that if the electroweak
scale is not fundamental but radiatively generated, and
consequently, the Higgs particle a quasi-elementary
Goldstone boson, it is possible to generate the baryon
asymmetry by marrying the EGH framework to the
relaxation mechanism. In particular, we showed that in
order to accommodate baryogenesis the only necessary
extensions to the model is to include RH neutrinos and
furthermore the operator in (30) is generated.
Because of the nature of the EGH new Higgs sector, one
can consider very flat scalar potential directions along
which the relaxation mechanism can be implemented. This
further translates into achieving a wider region of appli-
cability of the approximations, particularly regarding the
regime in which the use effective theory used to derive the
(30), as compared to the SM Higgs case. Specifically,
baryogenesis can be achieved even from an unmodified ϕ4
potential and within a regime in which the effective field
theory interpretation of (30) is justified, unlike in the SM
case. Observed limits on the inflationary scale ΛI restrict,
but do not eliminate, this parameter space.
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APPENDIX: LEPTON-NUMBER-VIOLATING
CROSS SECTION IN THE EGH MODEL
In Sec. III D, we remarked that the thermally averaged
cross section of the lepton-number-violating processes in
the EGHmodel is enhanced by a factor of 16 in comparison
to the SM Higgs case. In this appendix, we discuss the
calculation of the cross section, including this prefactor.
The lepton-number-violating processes that we consider
are (i) νLϕi ↔ ν¯Lϕj and (ii) νLνL ↔ ϕiϕj as shown in
Fig. 1. The scalar fields that are involved in these processes
are ϕi ¼ fσ;Π4;Θ; ~Π4;Π3; ~Π3g. Their cross sections
depend on the Yukawa couplings to LH and RH neutrinos,
which can be read from Eq. (10) as
Yνi ¼ fYν sin θ; Yν cos θ; iYν sin θ; iYν cos θ; iYν; Yνg;
ðA1Þ
respectively.
For the (i) νLϕi ↔ ν¯Lϕj channel, the cross section
depends on Yνi as σðνLϕi → ν¯LϕjÞ ∝ jYνi j2jYνj j2.
Summing the contribution from each i and j, the thermally
averaged cross section from the channel (i) is
hσviðiÞ ¼
X
i;j
hσðνLϕi ↔ ν¯LϕjÞvi
¼ hσðνLϕ↔ ν¯LϕÞvijYνj4
X
i;j
jYνi j2jYνj j2
¼ 16hσðνLϕ↔ ν¯LϕÞvi; ðA2Þ
where ϕ is a Standard Model-like scalar with the Yukawa
coupling jYνj to LH and RH neutrinos, and hσðνLϕ↔
ν¯LϕÞvi can be obtained from Eq. (35).
For the (ii) νLνL ↔ ϕiϕj channel, one has to consider
the symmetry factor due to the identical outgoing particles.
The CM cross section in the limit T ≪ MR is approximated
as
σðνLνL → ϕiϕjÞ ≈
1
4πS
jYνi j2jYνj j2
M2R
; ðA3Þ
where the symmetry factor S ¼ 2, if i ¼ j, and S ¼ 1, if
i ≠ j. Summing different outgoing particles, the net CM
cross section isX
i
X
j≥i
σðνLνL → ϕiϕjÞ
¼
X
i

σðνLνL → ϕiϕiÞ þ
X
j>i
σðνLνL → ϕiϕjÞ

ðA4Þ
¼ σðνLνL → ϕϕÞjYνj4
X
i

jYνi j4 þ 2
X
j>i
jYνi j2jYνj j2

ðA5Þ
¼ σðνLνL → ϕϕÞjYνj4
X
i;j
jYνi j2jYνj j2 ðA6Þ
¼ 16σðνLνL → ϕϕÞ; ðA7Þ
where again ϕ denotes a Standard Model-like scalar which
has a coupling constant Yν [which is related to the
couplings of the EGH scalars via equation (A1)]. Again,
we see the enhancement by the factor of 16,
hσviðiiÞ ¼
X
i
X
j≥i
hσðνLνL ↔ ϕiϕjÞvi
¼ 16hσðνLνL ↔ ϕϕÞvi: ðA8Þ
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